Introduction
Bone is an adaptive material whose structure and composition change to accommodate the demands of its mechanical environment. Physiological loading of the skeletal system through weight-bearing exercise activates the remodelling process that maintains or increases bone density, while disuse and immobilisation cause bone resorption and a loss in overall bone mass.
It is hypothesised that this remodelling process is regulated at a cellular level through a network of mechanosensitive osteocytes, which monitor the mechanical environment and recruit osteoblasts and osteoclasts to alter bone mass to meet the loading demands [1] [2] [3] . It is believed that the mechanical environment is monitored by mechanoreceptors on the cell body and processes, such as integrins [4] [5] [6] , gap junctions [7, 8] and primary cilia [9] [10] [11] .
Mechanotransduction theories have proposed that osteocytes respond to mechanical signals caused by either direct stimulation of the cell body, as a result of mechanical strain of the extracellular tissue [12] [13] [14] [15] [16] [17] , or indirect stimulation of the cell body resulting from fluid flow through the lacunar-canalicular system [18] [19] [20] [21] [22] . These studies have been largely based on idealised computational or analytical studies of individual osteocytes [17] [18] [19] [20] . However, osteocytes reside in a complex environment, which is characterised by a heterogeneous microstructural architecture, and no previous study has been able to understand the role of this complex microarchitecture on individual osteocytes.
Bone tissue is an intricate composite of organic proteins and mineral crystals that are hierarchically organised at multiple scales to form a highly optimised structure. At the microstructural level, cortical bone is arranged into osteons, which consist of concentric arrangements of lamellar bone intersected by vascular channels (Haversian and Volkmann Canals), whose function is to provide blood and nutrients to different regions of the tissue (Figure 1 ). At the sub-microstructural level, osteocytes are distributed throughout osteons and reside within lacunar and canalicular cavities, extending cell processes to other cells to form a connective network ( Figure 1 ). An organic matrix surrounds the osteocyte within the pericellular space and anchors the cell to the surrounding extracellular matrix [23] . This matrix is saturated with interstitial fluid, whose flow is driven by strain of the extracellular matrix causing shear stress to be imparted along the cell membrane. While loading patterns at the organ and tissue level have been predicted by high resolution finite element modelling techniques [24, 25] , the mechanical stimulus being received at the cellular level is not well understood. Analytical studies have predicted the stimulus along idealised cell processes and
proposed that strain amplification occurs in the extracellular matrix surrounding the cell body and processes [6, 18, 23, 26 ]. An experimental study characterised the strain field on an exposed plane using optical microscopy and found that peak strains in the vicinity of osteocyte lacunae could be an order of magnitude greater than tissue level strains measured in vivo [14, 15] . More detailed predictions of cellular deformation have been developed using computational finite element models that characterise the local mechanical environment of the osteocyte in vivo [15] [16] [17] . These models focus on local cellular strains and do not consider the effect of interstitial fluid flow on osteocyte deformation, despite the fact that many studies have proposed that fluid flow may be the primary mechanism through which an osteocyte senses it mechanical environment [18] [19] [20] [21] [22] . However, this approach seems justified as fluid-flow in the lacuna-canalicular system is largely a strain-driven phenomenon meaning that strain amplifications at the local cellular level would have as much an effect in stimulating the osteocyte through either strain based or fluid-flow based mechanotransduction. Recently, advanced high resolution confocal imaging has been used to develop geometrically accurate three-dimensional finite element models of the osteocyte environment [16] . These finite element models have shown that local strains in canalicular regions surrounding osteocyte cell processes are even higher than those predicted by idealised models, in some regions being eight times greater than the applied global strain [16] . However, these studies only focused on the individual cell level, and did not take into account the role of microstructural features, such as
Haversian and Volkmann Canals, in dictating the strain environment of individual osteocytes.
Haversian and Volkmann canals contribute to the microstructural porosity of bone tissue and account for approximately 14% of the total volume of cortical bone [27] and have a significant effect on the organ level stiffness of bone tissue [28, 29] . These structures contribute to the development of inhomogeneous microstructural strain fields throughout the osteon under loading [28] .Therefore, it is likely that osteocytes at different locations within the osteon may be receiving significantly different stimuli, with some being subject to further strain amplification effects depending on their location [28] . Furthermore, the surrounding extracellular tissue is arranged in lamellar packets that exhibit a preferential collagen fibre orientation leading to anisotropic behaviour, which could further affect the local stress state.
However, to date no study has taken into account the irregular hierarchical microarchitecture of bone tissue when predicting the mechanical environment of osteocytes.
The objectives of this study are to (1) develop a progressive localisation framework that predicts how tissue level strains applied to cortical bone are related to the cellular level and (2) characterise the local stimulus experienced by osteocytes distributed throughout the tissue structure. This progressive localisation framework considers two levels of structural hierarchy within cortical bone tissue. The study incorporates important structural features at the microstructural level, such as micro-pores and discrete lamellar regions, and identifies the important contribution these features have in determining the local strains experienced by osteocytes in vivo. Using this progressive localisation technique, we investigate how cellular level strains may be related to applied loads at the tissue level and whether different osteocytes within cortical bone receive the same stimulus. The development of accurate models that capture loading patterns in the surrounding osteocyte environment is crucial to understand the cellular mechanisms associated with mechanotransduction in vivo. loading to local cellular deformation. These models are described in further detail below.
Materials and Methods

Model Formulation
(i) Osteon Model
At the microstructural level, it is assumed that the osteon is composed of eight discrete lamellar regions that are concentrically arranged around a Haversian Canal and are intersected by interconnecting Volkmann Canals in two transverse directions, as shown in Figure 2 (
ii) Cellular Submodel
The cellular submodel consists of an idealised representation of an osteocyte cell, surrounded by a pericellular matrix (PCM) that is embedded in the extracellular matrix (ECM), as shown by the sectioned view in Figure 2 (b). The osteocyte cell body was assumed to be an ellipsoid with minor and major axes equal to 7.5µm and 13.5µm, respectively, while the osteocyte cell processes were modelled as cylindrical extensions of diameter 0.44µm extending outward from the cell body [16] . The PCM surrounding the cell is assumed to be 0.75µm thick around the cell body and 0.08µm thick around the cell processes [5, 30, 31] . The osteocyte cell and surrounding PCM are embedded in an ECM region, which is a cuboid measuring 13µm × 13µm × 25µm. A continuous mesh is used to discretise all regions using approximately 500,000 tetrahedral elements (C3D4).
Boundary Conditions and Material Parameters (i) Osteon Model
Periodic boundary conditions were applied to the osteonal model, enabling the prediction of microscopic quantities from applied macroscopic loading configurations and thus providing an effective means of relating tissue level and osteon level strains to one another. These boundary conditions consisted of a series of kinematic ties imposed on opposing faces of the unit cell and may be expressed in three-dimensions as,
where u 1 , u 2 and u 3 are the displacement vectors which relate the displacements on opposite faces of the unit cell shown in Figure 2 (a), while l, h and t correspond to the unit cell dimensions in the 1-, 2-and 3-directions, respectively.
A single loading case is considered whereby a compressive stress in the longitudinal direction of 20MPa was applied to the osteon model through a concentrated force applied at the master node. For the +15°/-15°lamellar arrangement, this load resulted in a global compressive strain of approximately 2,000µε, which represents a typical tissue level load measured in vivo during physical exertion [32] . Each lamellar region was assigned orthotropic linear elastic behaviour, where the material parameters were chosen based on a homogenisation scheme developed in [29] that considers the fundamental constituents of hydroxyapatite crystals distributed within a collagen matrix, and the material parameters are listed in Table 1 .
(ii) Cellular Submodel
At the cellular level, a submodelling technique was used to capture the local behaviour of the osteocyte and its surrounding environment. This technique is available in ABAQUS and uses a global-local approach to provide a detailed solution for structural details that require a highly resolved mesh. A node-based submodelling procedure is used whereby the boundary conditions applied to the submodel are interpolated from the nodal displacements in the global model. In this case, the solution for the osteon model is determined a priori and this may be used to impart deformation on the relevant boundaries of the cellular submodel, allowing an accurate prediction of global to local behaviour. In Figure 2 (b), the interpolated displacement field from the osteon model solution is applied to the nodes located on the external surfaces of the cellular submodel.
For the analysis, the osteocyte cell was assumed to behave as a compressible Neo-Hookean hyperelastic material, whose strain energy density function may be expressed by the following relation,
where W is the strain energy per unit reference volume, i  are the principal stretches, i  are the deviatoric principal stretches, while 0  and 0  are the initial shear and bulk moduli, respectively. The initial shear and bulk moduli may be related to elastic modulus (E) and
Poisson's ratio (υ) using standard isotropic linear elastic relations. For the osteocyte, an elastic modulus of 4.47kPa and a Poisson's ratio of υ = 0.4 are assumed [33] . The surrounding PCM was assumed to behave as an isotropic linear elastic material with a Young's modulus of E = 40kPa and a Poisson's ratio of υ = 0.4 [34] .
Distribution of cellular submodels
This analysis specifically investigates the mechanical stimulus being imparted to osteocytes in different regions of the cortical bone microstructure by systematically varying the location of the cellular submodel within the osteon global model. Osteocytes are distributed in a radial direction around the Haversian Canal in between individual lamellar regions, therefore this analysis considers cellular submodels in radial locations around the Haversian canal. These locations are identified in Figure 3 (a), where, due to symmetry, we only consider locations in one quadrant of the osteon. The location of these cellular submodels is also varied in the longitudinal direction and we consider the behaviour on three separate planes that are 25µm apart throughout the length of the osteon, as shown in Figure 3 (b)-(d). In total, 30 cellular submodels were analysed and the positions of these were varied throughout the osteon.
Results
Osteon Model
Figure 4 Figure 5 shows a selection of the cellular submodels that were distributed throughout the osteon model that had a +15°/-15°lamellar arrangement. The osteocyte that experiences the greatest mechanical stimulus was located on Plane 1 and was directly adjacent to a Volkmann Canal relative to the loading direction in the osteon model, as shown in Figures 5a and d . This osteocyte was located between the two outermost lamellae and its centre axis was 13µm from the outer edge of the Volkmann Canal, as identified by Location A in Figure 3b . At this location, the microstructural strain field is significantly amplified (Figure 5a ), leading to a minimum principal strain in the cellular model of 18,340µε. This strain level occurred in the cell process that is in closest proximity to the Volkmann Canal and represents a strain amplification factor of 9 when compared to the applied tissue strain (2,000 µε). The osteocyte that experiences the smallest mechanical stimulus was located on Plane 2 and was also adjacent to a Volkmann Canal however was aligned with the loading direction (Figure 5b ). This osteocyte was again located between the two outermost lamellae and its centre axis was directly in line with the centre axis of the Volkmann Canal below, as identified by Location B in Figure   3d . Here, the microstructural strain in the osteon model was less than 1,000 µε (see Figure   5 (a)), resulting in low strain magnitudes being transferred to the cellular model at this location. Figure 6 shows the volume averaged distribution of minimum principal strain for the osteocytes that experience both the minimum and maximum mechanical stimulus, i.e. the same as those presented in Figure 5 
Cellular Submodels
Discussion
A progressive localisation framework has been developed to predict how tissue level strains applied to cortical bone are related to the cellular level and has been applied to characterise the nature of the stimulus experienced by osteocytes distributed throughout different regions of cortical bone tissue. The study incorporates important structural features at the microstructural level, such as Volkmann and Haversian canals and discrete lamellar regions, and identifies the important contribution these features have in determining the local strains experienced by osteocytes in vivo. The current study considers a network of osteocytes distributed throughout osteonal bone and predicts that different osteocytes may receive a vastly different mechanical stimulus, depending on their location in the cortical microstructure. In particular osteocytes that were directly adjacent to Volkmann Canals (e.g. Location X in Figure 5a ) received a much greater stimulus than others due to strain amplification effects occurring at the microstructural levels. Interestingly, Volkmann canals also had strain relieving effects and for certain osteocytes that were directly aligned with Volkmann Canals and the direction of the applied load (e.g. Location Y in Figure 5a ), the stimulus received was less than the applied tissue level loads. Furthermore, it was found that the lamellar orientation had a significant effect on the magnitude of cellular stimulus, with higher cellular strains present in cellular submodels when an orientation of +45°/-45°is considered, compared to a lamellar arrangement of +15°/-15°.
The current study may be subject to a number of potential limitations. Firstly the assumption of an idealised geometry for the cellular model may underestimate the strains experienced by osteocytes as a recent finite element study has shown that geometrically realistic cell models [16] are subject to higher strain amplifications when compared to idealised models.
Furthermore, it was found in [16] that the presence of discrete attachments between the osteocyte and the ECM led to the presence of further strain concentrations. The inclusion of such features and realistic cell models would lead to the prediction of higher strain amplification values reported here. A recent study has proposed that osteocytes may alter their lacunar geometry to adapt to their local mechanical environment [35] and thus the strain signal being received [17] , whereas this study assumes that all osteocytes have the same morphology.
Our findings have shown that microstructural features greatly affect the stimulus received by a given osteocyte, with a five-fold difference in strain magnitudes present between certain osteocytes in different locations within the microstructure. It has previously been shown that alteration of the local osteocyte environment has a much smaller effect on the strain signal being received, with significant changes in local tissue modulus and canalicular diameter leading to less than a 20% change in strain magnitudes experienced by the osteocyte [17] .
Therefore, we chose not to vary the local lacunar morphology and our findings importantly highlight that features at the microstructural level have a much larger effect on the stimulus being received by the osteocyte. The prediction of cellular deformation is further complicated by the lack of experimental data regarding the mechanical behaviour of the osteocyte and surrounding environment. It should be noted that material parameters for the osteocyte were assumed from measurements of the peripheral elasticity of bone cells [33] , while material parameters for the PCM refer to properties determined for a chondrocyte PCM [34] . Also, the current study characterises the mechanical stimulus at the cellular level in terms of mechanical strain experienced by the osteocyte and does not consider the effects of fluid shear stress imparted on the cell membrane due to interstitial fluid flow. While it has been hypothesised that cellular deformation resulting from fluid shear stress may be one of the primary mediators of mechanical stimuli in vivo [18] [19] [20] [21] [22] , we assume that fluid flow within canalicular cavities is a strain-driven phenomenon. It should be noted however that recent studies [36, 37] have highlighted the fact that electrochemical phenomenona, in particular calcium gradients [36] , could provide a significant contribution to shear stress imparted on the osteocyte cell membrane when compared with strain-driven fluid flow, however our model does not account for such effects.
At the microstructural level, the modelling approach assumes a geometrically periodic representation of cortical bone using an idealised osteon and as such cannot capture differences throughout the tissue structure (e.g. posterior and anterior locations of the bone). Furthermore, certain geometric aspects, such as differences in the vascular geometry, local porosity or discrete damage events, could contribute to further inhomogeneity in the strain field. In particular, porosity may exist at the microstructural level due to the presence of resorption cavities, which have already been found to cause strain amplification effects under loading [38] .
It has previously been shown that damage accumulation (in the form of lamellar microcracking, inter-lamellar debonding and cement line debonding) can lead to unloading of osteocyte lacunae [38] . It is interesting to note that the deformation characteristics predicted in our model due to micro-pores at the microstructural level are qualitatively comparable to those previously predicted surrounding bone damage [38] . For example, an increased stimulus is experienced by osteocytes directly adjacent to a micro-pore, which is similar to the deformation observed in lacunar regions directly adjacent to an inter-lamellar debonding site [38] .
Furthermore, significant unloading of lacunar regions is observed once complete debonding had occurred at interface [38] , which is similar to strain relieving effects observed around micropores in our study.
Several in vitro investigations have found that bone cells exhibit important biochemical
responses upon the application of mechanical strain, such as the production of nitric oxide [13] , collagen type I [39] and c-fos gene expression [40] . However, the mechanical strain required to elicit an osteogenic response from bone cells in vitro is much higher (~10,000µε) [41, 42] than typical tissue level strains measured in vivo (~2,000µε) [32] . This study found that for the osteocyte that received the maximum stimulus, there was a strain amplification factor of 9 when cellular level strains were compared to tissue level strains. It has already been proposed that osteocytic processes mediate the adaptive response of osteocytes due to the significant local strain amplifications in these regions [6, 16, 17, 26] and the fact that these regions have been shown to be more mechanosensitive than the cell body under micro-probing experiments [43] .
The key findings of the current study indicate that the mechanical stimulus experienced by osteocytes within cortical bone tissue is highly dependent on local microstructural features. We report that the highest levels of strain occurred in the cell process of the osteocyte and that these strains were further increased when the cellular submodel was directly adjacent to a Volkmann Canal, experiencing values much greater than 10,000µε, which is higher than the threshold of mechanical strain required to elicit an osteogenic response from bone cells in vitro [41] . These results suggest that it is osteocytes located in the vicinity of micro-porosity, e.g. vascular canals, resorption cavities or micro-damage, that microstructural strain amplification effects are greatest and also that osteocytic cell processes in these locations may receive sufficient mechanical stimulation to elicit an osteogenic response. Also, these results indicate that the local lamellar orientation has a distinct effect on strain transfer into the cell, with greater stimuli being transferred to the cellular level when an orientation of +45°/-45°is considered. This finding has important implications as lamellar organisation in a particular osteon is thought to be dependent on local loading characteristics [44] [45] [46] , with several different types of lamellar orientations observed experimentally using circularly polarized light (CPL) microscopy [44] [45] [46] . Furthermore, it has been observed that the local orientation of collagen fibres in perilacunar regions may differ from that of the surrounding osteon [47] . Although we do not consider such local variations in the osteon micro-environment, our results clearly highlight the important contribution that collagen fibre orientation has in determining the stimulus transferred to the cellular level.
Interestingly, these results also highlight that certain osteocytes in cortical bone receive very little mechanical stimulation due to their location within the microstructure. For the osteocyte that received the smallest stimulus, the majority of its volume experiences a strain of less than 2,000µε, which is actually lower than applied tissue level strain. This osteocyte was also located directly adjacent to a Volkmann Canal however it was aligned with the direction of the applied load and was therefore subject to strain relieving effects at the microstructural level.
It may be concluded that regions surrounding micro-pores represent the extremes of the stimulus being received by osteocytes in the cortical microstructure. In contrast, osteocytes that are not located near a micro-pore experience a more homogeneous microstructural strain field and strain amplification factors in these cells are closer to average values. Furthermore, based on the findings of in vitro cell mechanobiology experiments [41, 42] , a number of these cells do not receive sufficient stimulus (>10,000µε) to initiate an adaptive response, whereas those in the vicinity of micro-pores are sufficiently stimulated. It is important to note that such experiments [41, 42] , applied a homogeneous strain field to the entire cell using substrate stretching, whereas our model predicts that stimulation beyond 10,000µε occurs only very localised regions along the cell processes. It is not clear whether such a localised stimulus would be sufficient to achieve an osteogenic response. Nonetheless, our findings show that a much greater proportion of osteocytes cells near micro-pores experience strain levels higher than this threshold, when compared to those exposed to a homogeneous microstructural strain It should be noted that osteocytes are also distributed throughout trabecular bone, which is not vascularised but still undergoes highly adaptive changes in response to mechanical loading.
However, from finite element reconstructions of micro-CT data, it is known that the irregular micro-architecture of trabecular bone leads to an inhomogeneous strain field under loading [24, 25] . This would contribute to osteocytes in trabecular bone experiencing a wide range of strains, depending on their location within the tissue and a similar progressive localisation framework that presented here could be used to characterise the local range of stimulus experienced by osteocytes in trabecular bone. Importantly, the findings of the current study highlight the importance of accounting for the structural hierarchy within bone tissue and the continued development of such multiscale techniques will enable a better understanding of the cellular mechanisms that mediate the in vivo adaptive response of the tissue.
Conclusions
In this study, we develop a novel multiscale finite element model that predicts how organ level loads are transmitted to osteocytes and their surrounding environment, by considering two levels of structural hierarchy within cortical bone tissue. It was found that an inhomogeneous microstructural strain field contributed to osteocytes receiving a vastly different stimulus at the cellular level, depending on their location within the microstructure. Furthermore, the principal orientation of lamellar regions was found to contribute significantly to the magnitude of the stimulus being received at the cellular level. Osteocytes that were in close proximity to a Volkmann Canal received the extremes of the stimulus in the cortical microstructure, due to both strain amplifications and relieving effects of the vascular cavity. In particular, osteocytes that directly adjacent to Volkmann Canals relative to the loading direction experienced strains that exceed the strain stimulus for osteogenesis (>10,000µε) . In contrast, osteocytes not located near a micro-pore experience a homogeneous microstructural strain field and in many of these cells strains are lower and in some cases are insufficient to elicit an osteogenic response (<10,000µε). Therefore, we propose that all osteocytes are not equal in terms of the mechanical stimulus being received and that only a subset of osteocytes that are located in close proximity to micro-pores may actually function as mechanoreceptors in cortical bone tissue. 
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